The life cycle of most viruses involves the release of particles into the extracellular space. Consequently, the study of virus egress as well as virus entry has focused almost exclusively on the biology of cell-free virus. However, cell-free virus spread is often very inefficient. Specific barriers, either located in the donor cell or in the target cell, prevent efficient spread by the cell-free mode. In contrast, viral spread by direct cell-cell contact is largely unaffected by most of these barriers resulting in preferential spread by cell-to-cell transmission. Virus cell-to-cell transmission allows an efficient coordination of several steps of the viral life cycle. It often involves complex inter-cellular adhesion, cellular polarity and intra-cellular trafficking. Because virus cell-to-cell transmission can involve transmission through zones of tight cell-cell contact that are resistant to neutralizing antibodies and reach a high local particle concentration, cell-to-cell transmission can contribute to the pathogenesis of viral infections. http://dx.doi. org/10.1016/j.coviro.2012.11.004 Viruses can spread by two fundamentally distinct modes, either by diffusion through the extracellular space or by direct cell-cell contact [1] [2] [3] [4] . Both mechanisms of viral spread have advantages and disadvantages. Transmission by cell-free virus is unrestricted by cell-cell contacts, can allow the spread across long distances within the infected host, and permits an easier spread to a new host. In contrast, spread to contacting neighboring cells via cellto-cell transmission can be very efficient, and the exploitation of established cell-cell interactions can provide for an alternative mechanism of spread within an organism. Given that both modes of transmission have advantages and disadvantages, viruses evolved mechanisms to use either or both pathways. For example, Vaccinia virus forms different infectious particles [5] . A mature virus (MV) is released after lysis of infected cells and may promote host-to-host transmission by a cell-free pathway. In contrast, a double membrane-enveloped extracellular virus (EV) remains associated with the producer cell surface and spreads by cell-to-cell transmission [5, 6] .
Viruses can spread by two fundamentally distinct modes, either by diffusion through the extracellular space or by direct cell-cell contact [1] [2] [3] [4] . Both mechanisms of viral spread have advantages and disadvantages. Transmission by cell-free virus is unrestricted by cell-cell contacts, can allow the spread across long distances within the infected host, and permits an easier spread to a new host. In contrast, spread to contacting neighboring cells via cellto-cell transmission can be very efficient, and the exploitation of established cell-cell interactions can provide for an alternative mechanism of spread within an organism. Given that both modes of transmission have advantages and disadvantages, viruses evolved mechanisms to use either or both pathways. For example, Vaccinia virus forms different infectious particles [5] . A mature virus (MV) is released after lysis of infected cells and may promote host-to-host transmission by a cell-free pathway. In contrast, a double membrane-enveloped extracellular virus (EV) remains associated with the producer cell surface and spreads by cell-to-cell transmission [5, 6] .
The mode of virus transmission may also affect the viral life cycle. Cell-to-cell cytosolic connectivity is exploited by plant viruses for the transport of genomes and bypasses the need for the release of particles into the extracellular space [7] . However, in the case of most enveloped animal viruses, the two forms of transmission do not alter the viral life cycle. The observation of cell-cell fusion (syncytia) during human immunodeficiency virus (HIV) infection appears to be largely restricted to lab-adapted viruses [8] [9] [10] [11] .
Barriers in the cell-free path can enforce a contact-dependent mode of transmission
The question of why a specific virus spreads by cell-free or by cell-to-cell transmission can be better understood if one considers the requirements for spreading by a cellfree mode of transmission. Any virus should be able to spread efficiently by a cell-free mode if the following criteria are met: (1) viral gene expression should be sufficiently high to support efficient assembly and release of new viruses, (2) cellular factors required for viral assembly and release must also be expressed at sufficient levels, (3) once assembled, viruses should be released efficiently into the extracellular space, (4) extracellular viruses need to be sufficiently stable, and (5) viruses must bind and enter efficiently to target cells. If all these factors are fulfilled, any virus should be able to spread by a cellfree mechanism. However, if any of these steps is inefficient, a barrier to cell-free spread emerges. Interestingly, while these barriers may hinder the cell-free path, they often do not interfere with cell-to-cell transmission, thereby shifting viral spread to a contact-dependent mode [12] . Barriers in the cell-free path of transmission can be of a cellular nature, the consequence of antibodymediated immune responses, or be due to anti-viral restriction factors [13,14 ,15-17] . The promotion of cell-to-cell transmission can be defined as either a donor cell-induced or a target cell-induced phenomenon.
Donor cell-induced contact dependence
Many cell types do not support viral gene expression or promote efficient viral release at levels required for efficient cell-free spread. This barrier is overcome in co-cultures of infected donor with uninfected target cells since virus assembly can be efficiently orchestrated at sites of cell-cell contact [12, 18, 19, 20 ]. Moreover, if viral entry receptors or other proteins with an affinity for viruses remain expressed on the surface of infected cells, these proteins can prevent efficient viral release into the cell-free space. Here again cell-to-cell transmission can circumvent this barrier as long as there is a mechanism for efficient cell adhesion between infected cells and target cells that permits the transmission of viral particles [15, 21] . These examples indicate that barriers that interfere with cell-free transmission may favor cell-to-cell spread. It is thus not surprising that viruses have evolved mechanisms to deliberately restrict the cell-free mode of transmission and instead promote cell-to-cell spread. A specific example is the EV form of Vaccinia virus that remains tightly associated with the surface of the producer cell. Activation of Src and Nck by an unknown receptor in the membrane of the producer cell induces actin assembly which propels the virus toward neighboring cells [6, 22] .
Target cell-induced contact dependence
Inefficient virus binding to and fusion with target cells often severely decrease the infectivity of cell-free viruses [23] [24] [25] [26] . In contrast, viruses transferred across tight cellcell contacts are delivered directly to their target cell receptors, thus increasing binding and entry efficiency. The ability of single cell-free viral particles to cluster sufficient receptors to promote internalization and fusion is inherently limited. During cell-to-cell transmission, this barrier is also overcome as viral entry receptors accumulate at sites of cell-cell contact, thereby facilitating viral internalization and entry [13,27 ,28] . For HIV, receptor signaling at these cell-cell interfaces promotes the dissolution of the cortical actin cytoskeleton to provide a more favorable environment for viral entry [29] . Altogether, these examples illustrate how barriers in donor and target cells can interfere with cell-free virus transmission. Because these barriers do not prevent cellto-cell transmission, they can effectively enforce a contact-dependent mode of virus transmission. The poor susceptibility of T cells to cell-free HIV results in a predominantly target-cell induced contact dependence for HIV transmission [12] . On the other hand, viruses such as the EV form of Vaccinia and HTLV are mostly shaped by events in donor cells, thus reflecting a pronounced donor cell-induced mode of transmission [6, [30] [31] [32] .
The role for surface retention, cell adhesion and polarization in virus cell-to-cell transmission
The viability of cell-free viral spread via diffusion in a three-dimensional space is dependent on the distance between the producer and target cells and the time taken to cross that distance [4] . If a virus is stable and does not decay, with sufficient time it could reach the most distant target cells ( Figure 1A ). In contrast, when viral particles decay or are trapped by extracellular factors, diffusion of infectious viral particles becomes very inefficient [33] . Virus retention at the surface of producer cells can overcome this limitation if it is coupled with an efficient mechanism of donor cell adhesion to target cells ( Figure 1B ). This retention reduces the three-dimensional spread of virus into spreading via a very thin two-dimensional cell-cell interface thereby dramatically increasing the local virus particle density ( Figure 1B) . Polarization of assembly and release would further increase the local virus density thereby increasing the efficiency of virus spreading ( Figure 1C ). The high local
Cell-to-cell transmission of viruses Zhong et al. 45 multiplicity of infection reached at sites of cell-cell contact represents a critical factor for why virus cell-to-cell transmission is more efficient than its cell-free counterpart. It permits spreading at much reduced viral and cellular costs, such as lower viral gene expression and less efficient virus release. As such, it explains why the above-discussed barriers in the cell-free path are overcome by direct cell-cell contact.
These considerations illustrate the trade-off between the ability of cell-free virus to reach distant cells, and highly efficient local spread to neighboring cells (Figure 1) . However, viruses that use efficient cell-to-cell spread have evolved alternative mechanism of long-distance travel. For example HIV and alphaviruses exploit the migration patterns of dendritic cells to reach distant target cells [34, 35] .
Cell biology of virus cell-to-cell transmission
Biological models that aim to explain efficient virus cellto-cell transmission should address aspects such as cellcell adhesion, polarity and driving forces [3, 18] . Viruses have evolved two main biological strategies to accomplish this. They may utilize existing cell-cell interactions, such as neurological or immunological synapses. Alternatively, they may deliberately establish cell-cell contacts between cells that usually do not form long-lasting contacts (Figure 2 ). The latter form of adhesion is often achieved by the expression of viral adhesion molecules that bind receptors on neighboring uninfected target cells. In the case of retroviruses, this role is mediated by the envelope glycoprotein [13,20 ,27 ,36 ] . The establishment of adhesion is followed by the ability of infected cells to polarize viral assembly and/or release to sites of cell-cell contact. Viral glycoprotein-mediated cell-cell adhesions, followed by polarized egress, are the hallmarks of the virological synapse [27 ,37 ,38 ] . While this concept was originally described for retroviruses, it is likely more generally applicable to other enveloped viruses [39] . The polarization of virus assembly toward the virological synapse has been documented for the murine leukemia virus ( Figure 2B ) [20 ,40] . In the case of HIV, particles on the cell surface are likely drawn toward the virological synapse [41 ,42] . Thus, this represents a mechanism of surface retention followed by polarization toward the cell-cell contact zone ( Figure 2B ). Cell-cell adhesion leads to the establishment of cellular polarity, which results in the repositioning of the microtubule organizing center and the redirection of vesicle trafficking behind the synapse. Evidence for polarized secretion of viral particles has been observed for HIV in primary T cells (Figure 3 ) [43] . Herpes viruses have adapted to spread in polarized neurons by exploiting bidirectional intra-cellular trafficking along microtubules (Figure 2A ) [44] . Viruses evolved to utilize existing cell-cell contacts for efficient viral spreading or, alternatively, are able to deliberately establish new cell-cell contacts between the infected cell (blue) and the target cell (green). (a) Neurotropic viruses can highjack bidirectional microtubule-mediated transport in neurons to spread from one neuron to another [44] . (b) Viruses can also promote long-lived cell-cell contact between cells that typically do not engage in prolonged contacts such as T lymphocytes. Transmission can occur (I) when particles are retained on the surface of the infected cell [15, 21] , which then comes into contact with an uninfected cell, (II) by surface movement of assembled particles toward the site of cell-cell contact [36 The directionality for virus cell-to-cell transmission can be provided by driving forces in the donor or target cells. In one of the simplest cases, the spreading of surfaceassociated viruses is explained by an affinity gradient toward a target cell that expresses the viral entry receptor [21] . The movement toward the target cell is facilitated by the ability of ligands such as growth factors or viruses bound to receptors to engage the underlying retrograde flow of filamentous actin [45] [46] [47] . Infected cells can also anchor target cell filopodia to exploit retrograde flow for efficient virus transmission (Figure 4 ) [36 ] . The EV form of Vaccinia virus uses the forces of actin assembly in the donor cell as a driving force for transmission [6] . In the case of HIV, activation of the actin cytoskeleton in the donor cell can promote the formation of filopodia that carry viral particles toward neighboring cells [48, 49] . Thus, the actin cytoskeleton can be exploited in both donor and target cells to promote virus transmission. The membrane biology of cell-to-cell transmission can be complex and remains often controversial. For most animal viruses, all surface or endocytic entry events classically discussed during virus egress or virus entry of cell-free virus also apply to transmission at sites of cell-cell contact (Figure 3 ) [28, 50] . In addition, various filopodial/nanotubulular connections have been described (Figure 4) . Thin actin-rich connections can provide bridges for the movement of surface virus from cell to cell [36 ,42,51,52] . Direct cell-to-cell connectivity can be used for the transport of viral genomes of plant viruses thereby bypassing the need for an extracellular phase [7] . Cell-to-cell connectivity has also been proposed for the microtubule-driven exchange of vesicles carrying completely pinched-off viral particles [52, 53] .
Cell-to-cell transmission and viral pathogenesis
Multiple observations suggest that cell-to-cell transmission contributes to the pathogenesis of many viral infections. The ability of neurotropic viruses such as Herpes viruses to spread along neurons manifests their clinical pathogenesis. Bidirectional transport along neurons allows Herpes viruses to reach ganglions to establish latency. Yet upon activation, viruses travel back to the periphery to cause another round of acute infection [44, 54] . Viral spread via tight cell-cell contacts also allows many viruses to evade neutralizing antibodies thus contributing to immune evasion [13,14 ,55-59] . Viral restriction factors such as TRIM5a and tetherin that effectively inhibit cell-free Cell-to-cell transmission of viruses Zhong et al. 47 Cell biology of viral spreading (I). Viral particles can be transmitted by (a) cell-free dissemination through the extracellular space [1, 4] or at sites of cellcell contact (b,c). In both cases, viruses can be released from the cell surface and enter target cells directly at the cell surface [20 ,27 ,40] . Alternatively, viruses can also assemble into vesicles that are released by fusion at the plasma membrane and enter target cells by endocytosis before delivery into the cytoplasm [28, 37 retroviruses are either less effective or fail entirely to inhibit cell-to-cell transmission [14 ,16,17,60,61] . The high local virus concentration also lowers the effectiveness of antiviral compounds as it requires a considerably higher drug concentration for effective inhibition [62 ,63,64,65] . Higher proviral content could result in higher genetic diversity of the viral population as recombinant variants may appear at faster rates. Thus, particularly in the case of the HIV/AIDS epidemic, two critical questions that remain to be addressed are to what extent cell-to-cell transmission contributes to viral spreading in in vivo, and if it contributes to viral persistence.
Intravital imaging of viral spreading
These considerations reinforce the importance of studying viral spreading directly within a living organism. Recently, the first visualization of the behavior of retrovirus-infected cells has been accomplished in living mice [66 ,67 ] . Intravital imaging of HIV-infected T cells in humanized mice confirms a critical role of the viral glycoprotein in adhesive interactions with uninfected cells [66 ] . Work in our laboratory revealed that B cells infected with MLV can indeed form virological synapses within the lymph node of living mice. Thus, both studies verify some of the main concepts of the virological synapses in vivo. These technologies will shed new light on the role of virus cell-to-cell transmission in a living organism. Finally, if virus cell-to-cell transmission is truly central to the pathogenesis of many viral infections, the development of inhibitors that directly interfere with this process may be critical to prevent the spread of viral infections. ,51]. (c) Vaccinia virus remains associated with the producer cell to polymerize actin to propel itself toward neighboring cells [6] . (d) Cytosol-to-cytosol connectivity can promote the transmission of viral genomes or viral capsids [7] . (e) Viral particles may also be transferred across cytoplasmic connections within vesicles [53] .
